The leakage reduction problem as a whole is complex and requires co-ordinated actions in different areas of water network management, such as: direct detection and repair of existing bursts, general pipe rehabilitation programmes and operational pressure control. Water companies undertake a mixture of these complimentary actions. General pipe rehabilitation is the most costly and long term action, but is undertaken to improve a number of different factors including leakage and water quality. Operational pressure control is a cost-effective action for reducing leakage over whole sub-networks, and for reducing the risk of further leaks by smoothing pressure variations and is the subject of ongoing research. Detection and repair actions are targeted at sub-networks where bursts are present. Benefits of quick burst repair include reduced water losses, reduced disruption to traffic, reduced consequent losses (e.g. from flooding), and also reduced disruption to customers' supplies, which is an important water industry performance measure. The existing methods typically use passive identification approach whilst the presented approach is based on the active identification procedure.
INTRODUCTION
The UK water industry is addressing the major challenge of reducing leakage in water distribution systems (WDS). Especially, unreported bursts are cause for concern with significant water losses and potential damage to urban infrastructure. Water distribution systems are complicated entities with thousands of interconnected pipes and other components. There is a need for developing efficient methods for identifying unreported bursts which remain invisible with the water draining away and never reaching the surface. Benefits of quick burst repair will also result in reduced disruption to customers, which is an important water industry performance measure.
Recently the UK water companies have heavily invested into restructuring water networks into smaller sub-networks known as District Metering Areas (DMAs). A DMA is a sub-network where the boundary flow is monitored in order to assess leakage. Its boundary is closed except for a low number of inputs and outputs with flow and pressure meters. This facilitates leakage management in terms of pressure control and bursts detection. When a new burst occurs it causes a noticeable increase in the minimum night flow (MNF) -and subsequently a burst location method can be applied. This research proposes such a method by exploiting different behaviour of background leakage and bursts under varying pressure (May 1994) . John May proposed a pressure stepping experiment (FAVOR test) during which the inlet flow and inlet pressure were monitored. The authors of this paper observed that monitoring only the inlet variables is not sufficient even to estimate the size of the burst. Therefore, the test was extended to include additional measurements at a number of internal nodes in a DMA and is termed the extended FAVOR test (e-FAVOR test). The method comprises three steps: first performing the e-FAVOR test, subsequently estimating the size of the burst and finally identifying the burst location. 
E-FAVOUR TEST
A typical e-FAVOR test is carried out during a night between 1 am and 5 am. The inlet pressure is changed stepwise over a typical range of values at 20-minute intervals during this period. Typical scenario of the inlet pressure and flow are depicted in Figure 1 . It can be observed in Figure 1 that when the inlet pressure is changed stepwise, the flow changes in a similar manner. Note that only the steadystate data is considered and the data from the transient phase between steady states should be ignored. It is not practical to measure internal pressure at all nodes in a DMA and therefore a small number of representative nodes (sensitive nodes) is selected for monitoring. The potential measurement points are hydrants and typically a water company is prepared to put 20 loggers for the experiment. The method of determining sensitive nodes has been developed by Prescott and Ulanicki (2006) and is related to that proposed by Bush and Uber (1998) . The method uses the sensitivity matrix of the hydraulic model (Jacobian matrix) to determine how the pressure at each potential measurement node is affected by a burst at any node across the network. This matrix has dimension n m × , where m is the number of potential pressure measurement points and n is the number of nodes in the network (possible burst location). The sensitivity matrix can be calculated from the network equations or extracted directly from a hydraulic simulator used in the method.
ESTIMATING THE BURST COEFFICIENT
The inlet flow can be represented by a three term inlet flow model (IFM):
where d is an average total demand, i p is pressure at a burst node, 1 c is the burst coefficient (related to the burst area), AZNP p is average zonal night pressure and 2 c is the background leakage coefficient (related to the total area of the background leakage). The coefficients of the IMF can be estimated using least square method (LSM) from the available measurements for an assumed location of the burst.
It is assumed that the demand flow does not depend on pressure variations in a DMA and the average value of demand is constant over the considered period between 1 am -5 am. The total background leakage flow represents the sum of all separate background leaks in a network and it is possible to use a single (common) coefficient of the background leakage c 2 and the Average Zonal Night Pressure p AZNP .
The procedure is to assume the burst at a sensitive node and evaluate IFM model; this is carried out for each sensitive node using LSM. It is feasible because pressure i p in model (1) is known from the e-FAVOR measurements. Note that number of obtained IFM models corresponds to number of sensitive nodes. Subsequently, the goodness of fit for each IFM model is tested using chi-square ( 
IDENTIFICATION OF BURST LOCATION
It was important to find a sensitive indicator of a burst location and the gradient of a pressure line was a very good candidate. A pressure line is a functional relationship between the inlet pressure and the pressure at a chosen node. In absence of leakage it is a straight line with gradient equal to 1. In the presence of a burst the gradient becomes smaller than 1 and the minimum value of the gradient is attained for the burst node. If a small background leakage is added the general rule does not change and the order in the gradient values is preserved with the smallest gradient for the burst node and the biggest gradient for the inlet node as depicted in Figure 2 .
The gradients can be found by the least squares method to minimise deviations of the approximating straight line from the experimental data. The following information should be available for the burst location identification:
• inlet pressure which is stepped during the field experiment • pressure measurements at the sensitive nodes 
SHENSTONE CASE STUDY
Shenstone DMA (illustrated in Figure 3 ) is fed through two PRV inlets and supplies 1008 consumers (917 domestic and 91 commercial). There are two 4 inch PRVs at inlet 1 and inlet 2, respectively, as shown in Figure 3 . The recorded data from the e-FAVOR test are depicted in Figure 4 . The final stage was to find the burst location. The estimated burst coefficient 1 0.2429 c = was allocated to each node of the hydraulic model one by one, simulated for each allocation and subsequently the model pressure regression lines were compared with the measured ones using 2 χ criterion. The best three allocation are shown in Table 2 . The obtained results indicate a high degree of probability of the burst presence at node 80. The value of the total demand flow is 4 l/s, the value of the coefficient of the fixed area leakage (burst) is 0.2429. This finding was later confirmed by the water company following inspection of the area indicated by the proposed method. 
CONCLUSIONS
The paper proposed a method for estimating burst flow and a burst location in a DMA. The method is based on an active identification procedure called e-FAVOR test which is carried out at night between 1 am and 5 am. The test requires deployment of pressure loggers to monitor pressure at sensitive nodes. The burst flow is estimated by comparing inlet measured flow and flow from the IFM model. The burst location is identified by comparing gradient of pressure lines from measurements and from hydraulic simulations. The method was formulated assuming presence of a single burst in a DMA, but can easily be generalised by application of genetic algorithms to search for the best flow and pressure line models. Findings were later confirmed by the water company following inspection of the area indicated by the proposed method. Another case study is currently under investigation.
